Herein, we report the high density growth of lead seeded germanium nanowires (NWs) and their development into branched nanowire networks suitable for application as lithium ion battery anodes. The synthesis of the nanowires from lead seeds occurs simultaneously in both the liquid zone (SLS growth) and solvent rich vapor zone (VLS growth) of a high boiling point solvent growth system. The reaction is sufficiently versatile to allow for the growth of nanowires directly from either an evaporated catalyst layer or from pre-defined nanoparticle seeds and can be extended to allowing extensive branched nanowire formation in a secondary reaction where these seeds are coated onto existing wires. The NWs are characterised using TEM, SEM, XRD and DF-STEM. Electrochemical analysis was carried out on both the single crystal Pb-Ge NWs and the branched Pb-Ge NWs to assess their suitability for use as anodes in a Li-ion battery. Differential capacity plots show both the germanium wires and the lead seeds cycle lithium and contribute to the specific capacity that is approximately 900
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Introduction
Group IV nanomaterials have found a wide range of applications from photovoltaics, to semiconductor devices and more recently, as high capacity anodes for lithium ion batteries. [1] [2] [3] [4] While the theoretical capacity of Ge (1384 mAh/g) nanowires (NWs) is lower than that of Si (3579 mAh/g) NWs, they have distinctive properties that are of interest for Li-ion battery application, such as their high conductivities (10000 times that of Si) and high rate of lithium diffusion (400 times that of Si), making them suitable for lithium batteries that can withstand high rate capability. 5 Chemical vapor deposition (CVD) is one of the most common systems used to date for nanowire growth, but recently synthetic approaches using organic solvents have gained interest due to the ability to grow a higher density of NWs in processes that have lower energy requirements. 6, 7 The metal catalyst of choice for the growth of semiconductor NWs in the past has been Au as it has a low eutectic with Ge and it enables the production of good quality NWs. However, it is a very expensive metal and is known to degrade the electrical properties of semiconductors as well as leading to irreversible capacity losses when used as the anode in Li-ion batteries. [8] [9] [10] This has led to the investigation of different metal catalysts as potential replacements for Au. The Type A catalysts including Au 11 and Ag 12 are classified as such due to their high solubility with Ge. Type B catalysts such as Bi 13 and Sn 14 have a low solubility with Ge while the Type C catalysts, such as Cu 15 and Ni 16 are known to form germanides. The Type B catalyst Pb is interesting for the growth of group IV NWs as it is a cheap and abundant metal, with a melting point of 327.5 °C, allowing for low temperature NW growth. As a NW seed, Pb, which is also Li active, may be commercially 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 3 important as it could act as a transitional material from conventional Pb-acid batteries towards more efficient energy storage systems such as NW containing Li-ion batteries.
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However, despite these advantages, little attention has been given to Pb as a catalyst for group IV NW synthesis, with just one previous report of the use of bulk Pb as a catalyst for Si NW growth 17 growth mechanisms depending on the metal-Si/metal-Ge eutectic temperature. 24 Here, we present the high density VLS and solution-liquid-solid (SLS) growth of Ge NWs from both an evaporated layer of Pb and from discrete Pb nanoparticles (NPs). Notably, these
Pb seeded Ge NWs are found to grow simultaneously in both the vapor (VLS) and solution (SLS) zones of a refluxing high boiling point solvent. The wires grown from the evaporated Pb layer on stainless steel are anchored to the substrate allowing them to be used as binder free electrodes for lithium ion batteries. We show that these substrate bound wires can act as templates for the deposition of further Pb NPs that, in a secondary reaction, result in branching, leading to an increase in the density of the nanowire networks. Our observations show that both the Ge and Pb cycle lithium, with capacities of over 1000 mAh/g achievable.
Methods

Evaporated Substrate Preparation.
Pb substrates were prepared by evaporating 99.999% Pb, (Kurt J. Lesker) in a glovebox based evaporation unit, onto a stainless steel 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t 5 which was attached to a Schlenk line setup via a water condenser. This was then ramped to a temperature of 125 °C using a three-zone furnace. The line was degassed under vacuum for 30 min in order to remove moisture from the system. Following this, the system was purged with Ar. The flask was then ramped to the reaction temperature under a constant Ar flow.
Reactions were conducted at 440 °C. A water condenser was used to control the HBS reflux and ensure that the reaction was kept under control. At the correct reaction temperature, 0.25ml of the precursor DPG (Fluorochem) was injected through a septum cap into the system. The reaction time given was 20 minutes. To terminate the reaction, the furnace was opened and the setup was allowed to cool to room temperature before removing the NW coated substrates.
2.6 Analysis. SEM analysis was performed on a Hitachi SU-70 system operating between 3 and 20 kV. The Pb/Ge substrates were untreated prior to SEM analysis. For TEM analysis, the NWs were removed from the growth substrates through the use of a sonic bath. TEM analysis was conducted using a 200 kV JEOL JEM-2100F field emission microscope equipped with a Gatan Ultrascan CCD camera and EDAX Genesis EDS detector.
TEM/STEM/EDX analysis of the NWs was conducted on Cu TEM grids. XRD analysis was conducted using a PANalytical X'Pert PRO MRD instrument with a Cu Kα radiation source (λ = 1.5418 Å) and an X'celerator detector. A c c e p t e d M a n u s c r i p t
Electrochemical
6
The masses of the Pb-Ge and branched Pb-Ge NW anodes were determined through careful measurement using a Sartorius Ultra-Microbalance SE2 (repeatability ± 0.25 μg). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 7
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Results and Discussion
The schematic for the reaction is presented in Figure 1 (a) , where a 10 nm Pb layer evaporated onto a SS substrate is placed in a round bottomed flask along with the high boiling point organic solvent, squalane. The set up allows part of the substrate to be immersed in the liquid solution with the remainder located in the vapor zone of the reactor.
Once the required reaction temperature is reached, the organometallic precursor diphenylgermane (DPG) is introduced into the reaction set-up. This precursor thermally decomposes in both the vapor and liquid phases of the HBS, through a previously reported phenyl-redistribution pathway, to give germane. 11 This germane in turn breaks down to give
Ge monomer, which alloys with the Pb seed and upon supersaturation, Ge NW growth occurs. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 9 observed for both Ge in the Pb seed and Pb in the Ge NW are to be expected due to the low solubility of Ge in Pb. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t and (b) being 17.5 μm and 21 μm respectively. The XRD pattern for the material grown in the solution phase, shown in Figure 3 (c) is similar to that of the material grown in the vapor phase. However, this pattern exhibits larger and extra peaks for Ge, namely (400), (331) and (422), due to the higher density growth of the Ge NWs in solution. Figure 3 (d) shows the DF-STEM for a solution grown NW with the corresponding line profile shown in Figure 3 (e). Similarly to the line profile observed for the vapor phase NW, the signal for Ge dramatically decreases at the same point as the signal for Pb increases. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 12
The synthetic process described for the Ge NWs catalyzed using the evaporated layer of Pb, can also be used to grow Ge NWs from Pb NPs. These NPs, which have diameters ranging from approximately 15 -25 nm, are deposited on a SS substrate instead of an evaporated Pb layer. Similarly to the evaporated layer, high density growth is observed in both the vapor and solution phases of the squalane, which are shown in Figure 4 Figure   S3 ). Another key difference noted with the use of the Pb NPs is that some branching occurs during NW growth ( Supplementary Information, Figure S4 ). While this branching was only observed in a small number of the NWs synthesized, it suggested the possibility of using the Pb NPs for more defined, higher density branching of the Ge NWs. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 As an extension of the use of the Pb NPs to grow Ge NWs, high density branched Pb-Ge NWs were grown from the evaporated Pb seeded Ge NWs. Using ethanedithiol as a molecular linker, the NPs were covalently attached to the vapor grown Pb-Ge NWs and the synthesis protocol was repeated. 25 The schematic of the growth process for the branched NWs is presented in Figure 5 (a) while a high magnification tilted SEM image of the resultant branched NWs is shown in Figure 5 (b). From this SEM image it is clearly evident that the branched NWs have much smaller diameters than the original NWs from which they are grown. While agglomeration of the Pb NPs was observed when the NPs were deposited directly on to the stainless steel substrate, no agglomeration of the Pb NPs is seen when they 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 14 are deposited on to the original Ge NW layer. This is due to the attachment process which causes the NPs to bond to the Ge NWs so that when the reaction is heated up they are restricted to their placement on the NW. The resulting branched NWs have a mean diameter of 19 ± 6 nm with a seed/NW diameter ratio of 2.09:1, with high density growth observed ( Supplementary Information, Figure S5a ). The seed/NW diameter ratio of these branches is close to the seed/NW diameter ratio observed for the original VLS grown Pb-Ge, suggesting a clear correlation between the seed diameters and the resultant NW diameters. The LRTEM image in Figure 5 (c) shows more clearly the extent of the high density growth of the branches on the original NWs. These crystalline Ge NW branches grow along the length of the NWs while also wrapping around them ( Supplementary Information, Figure S5b ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 15 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table S1 ). The Pb-Ge NW material shows a capacity of 830 mAh/g after 50 cycles, while the branched Pb-Ge NW material shows a capacity of 1072 mAh/g after 50 cycles, giving a 242 mAh/g increase over the Pb-Ge NW material due to the higher percentage of Ge in the branched material. Both the Pb-Ge NWs and the branched Pb- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 18 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 19 
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Conclusions
In conclusion, we have shown the capability for growing Ge NWs directly on a stainless steel substrate in both the vapor and solution phases of a high boiling point solvent, using both an evaporated Pb layer and Pb NPs as the catalysts. The difference between the material grown in the vapor and solution phases of the solvent was highlighted with the vapor-liquid-solid grown NWs being typically shorter and more tortuous in comparison to the longer, straighter NWs grown by the solution-liquid-solid mechanism. The synthesis process was also successfully extended to the growth of high density branched Ge NW networks by carrying out a secondary reaction whereby seeds are placed on wires already anchored to a substrate and repeating the process. The viability of the NWs as a Li-ion anode material was investigated and showed that the Pb-Ge NWs and branched Pb-Ge NWs demonstrated stable cycling performances, retaining a capacity of 830 mAh/g and 1072 mAh/g respectively, well over twice that of conventional graphitic based Li-ion anodes (372 mAh/g). As lead both catalyzes the growth of the wires and also participates in the lithiation/delithiation processes, as revealed through the analysis of the differential capacity, it is a net contributor towards the battery performance in comparison to common non lithium alloying catalysts such as gold or silver. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
